Abstract Percutaneous medical devices are indispensable in contemporary clinical practice, but the associated incidence of low to moderate mortality infections represents a significant economic and personal cost to patients and healthcare providers. Percutaneous osseointegrated prosthetics also suffer from a similar risk of infection, limiting their clinical acceptance and usage in patients with limb loss. We hypothesized that transepidermal water loss (TEWL) management at the skin-implant interface may improve and maintain a stable skin-to-implant interface. In this study, skin reactions in a 3-month, pig dorsum model were assessed using standard histology, immunohistochemistry, and quantitative image analysis. Immunohistochemical analysis of peri-implant tissue explants showed evidence of: continuous healing (cytokeratin 6?), hypergranulation tissue (procollagen?), hyper-vascularity (collagen 4?), and the presence of fibrocytes (CD45? and procollagen type 1?). Importantly, the gross skin response was correlated to a previous load-bearing percutaneous osseointegrated prosthetic sheep study conducted in our lab. The skin responses of the two models indicated a potentially shared mechanism of wound healing behavior at the skin-implant interface. Although TEWL management did not reduce skin migration at the skin-implant interface, the correlation of qualitative and quantitative measures validated the pig dorsum model as a highthroughput platform for translational science based percutaneous interface investigations in the future.
Introduction
Percutaneous medical devices are indispensable in contemporary clinical practice but the associated incidence of low to moderate mortality infections represent a significant economic and personal cost to patients in acute and long-term clinical care settings [1] [2] [3] . In 2002, there were an estimated 1.7 million healthcare-associated infections (HAIs) in the United States [4] . The majority of these HAIs were attributed to the placement and/or maintenance of bladder/urinary and central venous catheters [4] . Reductions in patient-and catheterization-related risk factors and the implementation of catheter management guidelines have improved outcomes, but do not address the inherent risk of infection associated with the skin-implant interface [5] [6] [7] . Unfortunately, none of these strategies supplant the protection provided by a stable, physiologic skin-implant interface barrier. Therefore, the most efficacious means of limiting the incidence of percutaneous device related HAIs remains the biomimetic and/or biomechanical optimization of the given device's design to foster an idealized, permanent skin seal at the skin-to-interface. For decades this rationale has motivated a significant number of translational and clinical, percutaneous device design related studies [8] [9] [10] [11] [12] . More recently, percutaneous osseointegrated (OI) prosthetic (POP) systems, a new class of upper-and lower-limb orthopaedic prosthetic percutaneous devices intended for civilian amputees, have begun to garner much of the field's research focus [13, 14] .
There are *185,000 amputations in the United States annually [15] . Independent of the upper-or lower-extremity amputations, many of these patients will suffer multiple dermatological and/or infection-related complications over the remainder of their post-amputation, prosthetic socket wearing life-time [16] [17] [18] . The clinical, biological, and socio-behavioral challenges presented by traditional prosthetic socket systems has fostered the development of an alternative upper-and lower-limb, POP docking systems in Europe [19] [20] [21] [22] .
Retrospective European case studies would suggest POP systems provide improved proprioception and gait efficiency, but these systems possess their own inherent limitations [23, 24] . The chief limitations of POP systems are superficial (i.e. skin-implant interface) and deep-bone (i.e. osteomyelitis) infection rates of 18 and 30 %, respectively, and continuous cutaneous regression (i.e. migration) at the skin-implant interface [23, 25] . Although the implantation procedure of POP systems varies due to differences in design specifications amongst the various investigating groups, the basis of all of the procedures requires the creation of a percutaneous access point, through which a percutaneous post will pass for exo-prosthetic attachment. The creation of this percutaneous access point creates an opening through which internal biological fluids may contact and interact with extracorporeal materials or antagonists. The rates of infection and soft-tissue adaptation observed at the skin-implant interface of POP systems are not too dissimilar in causality (e.g. inflammation mediators, soft-tissue stiffness discontinuities) and outcomes (e.g. wound bed cytokine concentrations, wound bed cellular constituencies, wound bed cellular densities) to the biomechanical and biochemical microenvironments reported in the literature of normal and pathological wound healing processes [26] [27] [28] [29] . Consequently, strategies intended to improve normal and/or pathological wound healing outcomes may be beneficial for maintaining the skinimplant interface of POP systems.
Wound care strategies focused on altering the gross and cellular-level behavior of acute and/or chronic wounds have motivated a significant amount of research [30] . The wound bed of acute and chronic wounds involves a wellorchestrated and finely balanced milieu of proteins, cytokines and chemokines that ensure a timely return to local and gross homeostasis. Dynamic reciprocity and wound bed redox signaling are essential components of a healthy, healing wound bed [31] [32] [33] [34] . Redox signaling, and in particular the roles of reactive oxygen species (ROS)/free radicals, free radical quenchers/antioxidants [e.g. nitric oxide (NO)], and O 2 -dependent cellular processes, are believed to be critical inter-connected processes in acute and chronic wound environments [32] [33] [34] [35] . The synergistic activity of each these processes have marked effects on intra-wound bed protein synthesis and degradation, as well as cytokine cascade up-or down-regulation [32] [33] [34] .
Therefore, wound care strategies intended to alter or manage oxygen partial pressure (pO 2 ) (a surrogate for exogenous oxygen infiltration and exchange in the wound bed, and redox signaling) at the wound site-extracorporeal interface provide a means of quickly improving wound healing outcomes. Specifically, transepidermal water loss (TEWL) management has been shown to cause advantageous phenotypic and morphological changes in acute and chronic wound beds, leading to accelerated, positive wound closure outcomes [36] . Similar to acute and chronic open wounds, redox signaling at the three (3) point junction (i.e. environment, skin, and implant) of the skin-implant interface of percutaneous devices may also play a critical role in wound healing outcomes. Therefore, the application of a TEWL or a similar set of techniques to a percutaneous system may be propitious in establishing or maintaining a stable, well-integrated skin-implant interface.
Despite the potential benefit of TEWL or similar approaches, current translational POP models are either too biomechanically aggressive, too dissimilar in physiological behavior, or cost-prohibitive to assess the efficacy of these approaches in a rigorous scientific model [37] [38] [39] . The ideal model would allow for multiple implantation sites to study various implant designs and treatment conditions simultaneously, while also reproducing the complex biochemical and biomechanical micro-environment of the percutaneous, skin-implant interfaces of load-bearing, human POP systems [40] . In vivo pig dorsum models address most of these parameters favorably, exhibiting significant biochemical and morphological similarities to human, cutaneous wound healing processes [41] . Steinstraesser et al. [42] developed a pig dorsum-based, wound chamber model for the investigation of dermal wound-bed infections. This type of model allowed in-phase motion with underlying skeletal structures during vertebral flexion and extension. Although differing in magnitude, the cyclic nature of the relative motion at the skin-implant interface mimicked the soft-tissue loading conditions/modes observed in human POP systems and load-bearing, boneanchored, percutaneous implant models [39] . Therefore, the development of a similar percutaneous implant, pig dorsum model may be particularly advantageous for the translational study of percutaneous device designs intended to: (1) improve skin-implant interface longevity through the creation of a stable skin-implant interface, and (2) examine percutaneous interface wound-site management techniques (e.g. TEWL).
Established clinical wound management techniques (e.g. moist/wet-dressings or occlusive dressings) may be beneficial in the resolution of the challenges presented by skinimplant interfaces of percutaneous medical devices, and explicitly POP systems [36, 43, 44] . The introduction of those techniques into percutaneous device related translational studies may be particularly advantageous for furthering the clinical understanding of the mechanisms, which underlie adaptive wound healing processes at the skin-implant interface. Furthermore, one would expect that due to the similarities in human and pig skin and wound behavior, the regenerative and restorative capacity of these wound care techniques would facilitate similar positive wound closure outcomes in translational studies. Therefore, in the following pilot study, we hypothesized that TEWL management of the skin-implant interface of a simulated percutaneous OI prosthetic would help to improve and maintain a stable skin seal in an adapted pig dorsum model. The objectives of the analyses were twofold. First, the qualitative and quantitative results of this study were compared to the results of a previously conducted loadbearing, POP sheep model for the evaluation and validation of a pig dorsum, percutaneous device model as a high throughput analogy for the study of the skin-implant interface behavior in POP systems. Second, the analyses and measurements were used to assess the influence of TEWL management in fostering improved wound closure outcomes, lengthening skin-implant interface survival, activating differing wound bed cell types, and reducing cutaneous regression.
Materials and methods

Implant fabrication and coating
Two porous titanium coated sub-dermal fixation surfaces were fabricated; solid (Fig. 1a , left) and perforated surfaces (Fig. 1a, right) , respectively. Percutaneous implants included two major design components: (1) percutaneous post, and (2) sub-dermal fixation surface (Fig. 1b, top to bottom). The sub-dermal fixation surfaces and lower portions of the percutaneous posts of each device type were coated with 1 mm thick, commercially pure titanium (Ti) porous coating (donated by Thortex Corp., Portland, OR). The perforated surfaces were machine drilled with *50, 1.5 mm diameter through-holes prior to Ti porous coating. In accordance with ASTM standard B600-91, all implants were cleaned, passivated, and sterilized prior to surgical implantation.
Animal model
Animals
In accordance with a University of Utah Institutional Animal Care and Use Committee (IACUC)-approved protocol, two 3-month old, Yucatan micro-pigs were obtained for inclusion in an adapted pig dorsum model [42] . Following a concurrent quarantine and acclimatization period, the animals were housed in a 12:12 h light cycle room with segregated, climate controlled (20-25°C, B30 % humidity) pens in accordance with AALAS standards. Animals were fed a standard porcine feed for the entirety of the study. At the conclusion of the study, the animals were euthanized accordance to American Veterinary Medical Association standards by intravenous injection of Beuthanasia D Ò (including pentobarbital and phenytoin derivatives) at 1 mL/4.5 kg (10 lbs) body weight dosage.
Surgical procedure
In accordance with a University of Utah IACUC-approved protocol, the dorsum of each animal was shaved and aseptically prepared for surgery. After the aseptic surgical scrub, the cranial (superior) and caudal (inferior) boundaries of the surgical field were marked to create an implantation grid. The first percutaneous exit-site was marked 30 mm inferior to the cranial boundary and 30 mm lateral to the mid-line (Fig. 1c, d ). Ipsi-lateral implantation sites were staggered along the same sagittal line, 40 mm apart. Contralateral implantation sites were created in a similar fashion, beginning 50 mm from the cranial boundary. Two bi-lateral, semicircular subcutaneous pockets were incised by blunt dissection from a single dorsal midline incision. Percutaneous implant exit-sites were created using a 6-mm biopsy punch. Sub-dermal fixation surface type and implantation site pairs were decided at random (selected by a member of the surgical staff not connected to the study). Following closure, the entire surgical field was dressed with sterile gauze and covered with stockinette. The animals were allowed to ambulate freely for the entirety of the 3 months. The animals were cleaned with a mild detergent and their dressings changed weekly for the 2 weeks immediately following implantation, after which the animals were cleaned weekly and the stockinette changed.
Tran-epidermal water loss (TEWL) management
Following weekly cleaning, the treatment animal (G1) received one dollop (approximately the size of a finger-tip) of Vaseline Ò per implant site, spread gently by gloved finger-tip. A new, gloved finger-tip was used to administer the Vaseline Ò to each site. The untreated animal (G2) received no Vaseline Ò . Administration of Vaseline Ò began 1 week post-implantation and continued for the entirety of the 12 week study. The degrees of inflammation, redness, discharge/exudate, and infection were graded using a modified 5-tier, Holgers [45] grading metric. Skin-implant interface sites graded 3 or higher were referred to the husbandry staff for veterinary consultation. Per protocol, grade 5 skin-implant interface sites would require immediate veterinary consultation, implant removal, and antibiotic treatment or euthanization. At necropsy, or when infection was noted, culture swabs were collected from a site distal to the implant to characterize normal skin flora and at the skin-implant interface to identify the potential pathogens for periprosthetic infection. As described in our previous publication [46] , a semi-quantitative analysis was undertaken to determine the degree of bacterial colonization.
Qualitative measurements
Histological sample preparation
Excised soft tissue-implant interface samples were fixed in 1:10 buffered formalin, then infiltrated (Tissue Tek Vaccum Infiltration Processor, Miles Scientific, Princeton, MN) and embedded in poly(methyl)methacrylate (PMMA) using an established technique [47] . After embedment, sections were cut using a diamond-blade precision saw (Buehler Isomet Ò 100, Lake Bluff, IL). Sections were then ground and polished to an optical finish (i.e. *50 lm thickness sections), stained with Hematoxylin and Eosin (H&E), and examined microscopically. Photomicrographs were quantitatively analyzed using ImageJ (version 1.44p, National Institutes of Health, Washington DC). Photoshop Ò (Adobe Systems Inc., San Jose, CA) was used to create publication quality figures.
Immunohistochemical staining
Primary antibodies purchased for this study included: CD45 (rabbit, 1:200, Abcam (ab10559) Cambridge, MA), cytokeratin 6 (K6) (mouse, 1:200, Abcam (ab18586) Cambridge, MA), procollagen type 1 (rat, 1:100, Abcam (ab64409) Cambridge, MA), and collagen IV (rabbit, 1:200, Abcam (ab6586) Cambridge, MA). Secondary antibodies used in this study included: donkey anti-rabbit (6) percutaneous, porous coated, titanium implants (a, b) were implanted into the dorsum (c, d) of two pigs for a 3-month (12-week) implantation period. Implants with or without 1.5 mm diameter perforations were staggered longitudinally (40 mm apart), either side of the dorsal midline. The skin-implant interfaces of one pig were treated (Group 1-G1) with a petroleum-based gel to mimic transepidermal water loss (TEWL) techniques. The skin-implant interfaces of the remaining animal were untreated (Group 2-G2). The implants and surrounding tissues of all twelve (12) implants were collected after 3 months for qualitative and quantitative analyses (FITC) (CD45 and collagen IV) (1:200, Thermo Scientific (Pierce) Rockford, IL); goat anti-mouse (K6) (1:1000, Abcam (ab98640) Cambridge, MA); and goat anti-rat (procoll) (1:500, Abcam (ab98387), Cambridge, MA). Co-localization of CD45? and pro-collagen? labeling was used to identify fibrocytes.
Sagittal tissue samples, including the skin-implant interface, were OCT-embedded and flash frozen in liquid nitrogen for -80°C storage and subsequent immunohistochemical analysis. In general, sections were thawed at room temperature for 30 min, encircled with liquid blocker (Electron Microscopy Services, Hatfield, PA), and then placed in -20°C acetone (Sigma-Aldrich, St. Louis, MO) for 7 min. The acetone was allowed to evaporate under ambient conditions and the sections were then rehydrated in two, 10-minute Tris-buffered saline (Thermo Scientific, Rockford, IL) washes. Samples were incubated with Trisdiluted primary antibodies and then washed in an additional Tris-buffered saline treatment. Primary antibody incubation temperatures and times varied for each label. Secondary antibodies were applied to the sections for 30 min and then washed by immersing in buffered saline for an additional 20 min. Following secondary labeling, the sections were dried and 100 lL of DAPI-Fluoromount-G (Southern Biotech, Birmingham, AL) applied to each prepared section before being covered for visualization. Stained sections were imaged using a Nikon A1, confocal microscope (Nikon Instruments Inc., Melville, NY). Confocal images were quantitatively analyzed using ImageJ (version 1.44p, National Institutes of Health, Washington DC). Photoshop Ò (Adobe Systems Inc., San Jose, CA) was used to create publication quality figures.
Quantitative measurements
Wound margin length and migration kinetic
Four-times (49) magnification photomicrographic composite images of animals from groups G1 (n = 6 implants) and G2 (n = 6 implants) were examined to locate the epithelial junction using a software based image analysis program (Image-Pro Plus, Media Cybernetics Inc., Silver Springs, MD). Pixel-based measurement traces of the wound margin began at the point of epidermal inversion/ downturn and continued to the epidermal junction identified previously (Fig. 2a, b, downward arc) . A mean epidermal wound margin was calculated for each implant using the ''right'' and ''left'' margins of the relevant H&E cross-section. The mean 3-month wound margin length and wound margin migration kinetic from groups G1 and G2 were then compared for analysis. Measurements were made three times each, for each implant by blinded members of the research group to limit observer bias.
Fixation surface coverage and gross cutaneous regression
The percent of dermal tissue attachment to the sub-dermal fixation surface and the gross cutaneous regression rate were calculated using a computer-based measuring tool (ImageJ, version 1.44p, National Institutes of Health, Washington DC). The amount of dermal tissue attachment to the sub-dermal fixation surface in G1 and G2 animals was expressed as the ratio of soft-tissue integrated into the fixation surface to the total length of the fixation surface exposed to soft-tissue immediately post-implantation (i.e. Time ''0''). Mean percentages of covered fixation surfaces were calculated from groups G1 and G2 and compared. In addition, the millimeter per month rate of gross cutaneous regression was calculated utilizing the length measures captured above. Measurements were made three times each, for each implant by blinded members of the research group to limit observer bias.
Vascular quantification
The density of vascularity was used as a surrogate measure for wound healing activity. The average fluorescent signal intensities were calculated for the pre-determined fixed areas (5 9 5 mm 2 ) within the granulation bed and healthy cutaneous tissue. The data are expressed as area fractions.
Statistical analysis
To determine whether the researchers applied the same criteria for measuring the wound margin length and fixation surface coverage, an inter-rater reliability coefficient was calculated. Determining the degree of inter-rater reliability would validate the use of their measurements for statistical analysis. The inter-rater reliability coefficient for the wound margin length and fixation surface coverage was r = 0.96. The high degree of reliability justified the use of the average of the three raters' scores as the outcome variables for subsequent statistical analysis.
Post hoc statistical comparison analyses were conducted for a sample size of one (1) animal per study group. Within each animal there were six positions on the dorsum of each pig. Therefore, the implant position was 'nested' within each animal. To correctly model the lack of independence of position on the dorsum of the animal, a generalized estimating equation, linear regression model was fit to the data. The regression model specified an auto regressive correlation structure, where caudal positions were less correlated than cranial positions. Comparative differences were assumed statistically significant for P values \ 0.05. All numerical values and graphic presentations of data are presented as mean ± standard error of the mean (SEM).
Where appropriate, 95 % confidence intervals are also presented.
Results
Gross skin morphology, adaptation, and microbiology
Photomicrographs of the skin-implant interfaces of treated (G1) and untreated (G2) animals showed clear evidence of a soft-tissue adaptation to the in situ porous titanium coated substrates (Fig. 2) . Three distinct, concentric regions of epidermal-dermal response were identified (Fig. 2) within the peri-implant soft-tissues (proximal to distal): (1) an interface region (*); (2) a transition region (**); and (3) a stressabsorbance region (***). The ''interface'' region possessed a thin (*1-3 cells), migratory epidermis (K6?), and a wound bed of hyper-cellular (DAPI density), hypervascular (Coll-4?) granulation tissue. The granulation tissue obstructed epidermal contact with the papillary dermis in this region, consistent with an actively healing wound bed (Fig. 2a, b) . In addition, the migratory epithelial edge/wound margin was much longer in the treated group (2,813 ± 219 lm), than in ) showed TEWL management at the skin-implant interface of percutaneous devices elicited the development of a substantially larger area of peri-implant granulation tissue region (a; demarcated by the region below the dashed line) when compared to untreated (G2) implants (b; demarcated by the region below the dashed line). The differences in granulation tissue expression lead to differences in cutaneous regression/downgrowth. Independent of TEWL management, the cutaneous tissue at the skin-implant interface formed three distinct regions in response to percutaneous insult: (1) an interface region (single asterisk); (2) a transition region (double asterisk); and (3) a stress absorbance region (triple asterisk). These three regions were identified in a percutaneous osseointegrated prosthetic sheep model conducted previously the untreated group (1,400 ± 108 lm), suggesting TEWL management induces a more active, migratory keratinocyte phenotype (Fig. 4) . The transition region possessed a comparatively thicker epidermis than that of the interface region, although the increase in stratum thickness did not translate into terminal differentiation (i.e. denucleation and cornification) of the keratinocytes of this region. Similar to the subepithelial tissue of the interface region, the granulation tissue underlying the transition region was also hyper-cellular and hypervascular. The comparative difference in area fractions of Coll-4? staining between skin proximal (i.e. granulation tissue region) and distal (i.e. unwounded tissue) was 19 ± 10 and 3 ± 2 %, respectively; again indicative of an actively healing wound bed (Fig. 2a, b , demarcated by dashed line and basal epidermal surface). Finally, the outermost region, the stress-absorbance region was characterized by epidermal hyperplasticity and the development of irregular rete ridgelike structures (Fig. 2a, b) . Superficial keratinocytes of this region were denucleated and cornified, indicating keratinocyte differentiation. Independent of treatment condition, there was no discernible granulation tissue underlying this region. On the distal edge of the stress-absorbance region, skin super-structure normalized to a characteristic, homeostatic/ unwounded archetype. The deleterious effects of infectious pathogens/biofilms on the wound healing processes at the skin-implant interface were also considered. During the course of the study, no implant wound site received a Holgers grade of 4 or greater. The skin responses described by the Holgers [39, 45] grades observed during this study are consistent with other percutaneous implant related studies. All skinimplant interfaces (100 %) were colonized with normal skin flora (at both, post-surgery and post-euthanasia). Those environmental organisms included coagulase negative Staphylococcus, and Staphylococcus aureus, enterococcus, bacillus sp. and diphtheroid. However, none of the sites showed clinical indications of infection at the time of the euthanasia. Therefore, at the 3-month time-point it was difficult to determine the opportunistic role of these species in inducing infection-mediated edema or inflammation at the skin-implant interface. More specifically, it was difficult to determine the degree to which infection-mediated edema or inflammation did or did not negatively affect the gross wound healing behavior at the skin-implant interface.
Wound margin length and skin regression kinetics
At 12 weeks post-implantation, the skin nearest the percutaneous interface showed evidence of on-going proximal regression in both the treated and untreated groups (Fig. 3a, b, respectively) . The mean wound margin length and rate of wound margin growth/regression were 6.02 ± 0.96 mm and 2.01 ± 0.32 mm/month (Fig. 3c) for the treated group (G1), and 1.74 ± 0.22 mm and 0.57 ± 0.07 mm/month for the untreated group (G2) (Fig. 3c) , respectively. Comparatively, the treated group elicited a wound margin growth/epidermal regression rate nearly four (4) times the response seen in the untreated group.
Fixation surface coverage and gross cutaneous regression
Percent sub-epithelial, and/or dermal, attachment to subdermal fixation surfaces, measured as the ratio of subdermal fixation surface coverage, was reduced in the treatment group (Fig. 3d) . At 3-months post-implantation, *36.5 ± 3.3 % of the G1 (treated) surfaces were covered by sub-epithelial soft-tissue. Over the same time-period, the percentage of G2 (untreated) surface coverage was *77.8 ± 1.8 %. Comparatively, G2 (untreated) implants showed 41 % more surface coverage then G1 (treated) implant surfaces (95 % CI: 35, 48; P \ 0.001). The rates of gross cutaneous regression for G1 and G2 implants were 2.76 ± 0.29 and 0.85 ± 0.10 mm/month, respectively. The comparative difference in surface coverage after 3 months implantation between groups G2 and G1 suggests Vaseline Ò based TEWL management may be contraindicated for the maintenance of the skin-implant interface of percutaneous devices.
Skin-implant interface wound healing response
Immunohistochemical analysis of the skin-implant interface of the model POP sub-dermal fixation surface showed the development of a hypergranulated, hypervascular periimplant soft tissue region and the presence of fibrocyte/ fibrocyte-like cells (Fig. 4) . When comparing histological samples from the G1 and G2 animals, qualitative increases in collagen 3 (Coll-3?) (i.e. collagen matrix deposited early in the wound healing process) and collagen 4 (Coll-4?) (i.e. deposited during basement membrane maturation) expressions were observed. Although not quantified, these comparative increases suggested treatment-dependent increases in cellular density, and potentially increases in activity within the peri-implant granulation tissue proximal to the skin implant interface (Fig. 4 , area denoted by (#) and (*)). In addition, a qualitative increase in keratin 6 (K6?) expressions, between treated and untreated implants, indicated a highly active biochemical and bioactive epithelial response indicative of a migratory epithelium and migratory keratinocyte phenotype common to the cutaneous wound healing response [48] . The histological juxtaposition of G1 implants to G2 implants suggested the G1 skin-implant interfaces and peri-implant granulation tissue regions were markedly more active, 3-months post-implantation. In addition, co-localization of CD45? and pro-collagen ? cells suggested the presence of fibrocytes in the peri-implant soft-tissues of both G1 and G2 implants (Fig. 5) .
Discussion
Development of pig dorsum model for skin-implant interface characterization
The inherent clinical and translational effectiveness of a given in vivo model rests on the ability of that model to reproduce the physiology and pathophysiology observed in the corresponding human conditions. The cutaneous behavior of porcine models is known to be ideal for wound healing related studies, but to-date, no load-bearing, POP studies have been conducted in pigs due in large part to skeletal limitations. A single-stage, amputation-implantation load-bearing POP sheep model developed by our group has provided critical information about bone attachment to the porous coated, press-fit titanium endo-implants [39, 49] . The sheep model was limited in its capacity to describe the mechanisms of softtissue adaptation and healing responses, because of the lack of intra-animal controls (i.e. one implant per animal). When comparing the previous sheep and the current pig dorsum models, there are distinct similarities in soft-tissue morphology and regression kinetics over a 3-month implantation period despite the absence of direct skeletal load-bearing in the pig model (Fig. 6a, b ) [49] . Skin regression kinetics for the untreated pig dorsum percutaneous device and sheep model implants were 0.84 ± 0.11 and 0.67 ± 0.11 mm/month, respectively. This data correlates with sub-epithelial soft-tissue/ dermal attachment data from the untreated pig dorsum and sheep models, 77.8 ± 1.8 and 86.2 ± 2.6 %, respectively. The comparison of quantitative measures would suggest that the sheep and untreated pig dorsum percutaneous device models shared a similar mechanism of cutaneous regression, further indicating a potentially analogous physiological condition. Consequently, the investigators believe the softtissue behavior exhibited in both models may share a common cause and effect modality, a belief further supported by the qualitative comparison of the two models. As in the sheep study, the global soft-tissue reaction suggested a coordinated, epidermal-dermal response. Further data alignment can be seen in the development of the Fig. 3 Transepidermal water loss (TEWL) management increased cutaneous regression at the skin-implant interface and decreased total percutaneous implant surface coverage. Qualitatively, treated implants possessed longer wound margins and hyperplastic epidermal layers when compared to untreated implants (a, b, respectively). When compared quantitatively, the application of Vaseline Ò to the skin-implant interface for TEWL management (treated group) led to increases in epidermal regression and decreases in percutaneous implant surface coverage and global soft-tissue integration (c, d, respectively). Arrows denote representative positions of the treated and untreated 3 phase junctions/skin-implant interfaces three contiguous, cutaneous response regions (the interface, transition, and stress absorbance regions, Fig. 2 ). Similarities in time-dependent skin response support the potentiality of a shared underlying mechanism of soft-tissue behavior that transcends purely host cell/tissue-biomaterial interactions. The investigators believe that one of the chief antagonists of the aberrant wound healing observed in both studies was the relative motion at the skin-implant interface and the host-tissue's attempts to resolve those complex loading conditions. The added qualitative and quantitative measures availed the pig dorsum percutaneous implant model allowed for further, in-depth investigation of the biochemical and biomechanical participants of this extremely complex, macro-and micro-wound healing environment. Ultimately, the similarities between the load-bearing, POP sheep model and the pig dorsum model appeared to validate the development and use of this approach as a more economical, high-throughput method for evaluating percutaneous interface design features. On-going pig dorsum models with biomimetic surfaces may help to better characterize and describe the soft-tissue responses seen here and in other percutaneous systems.
Effect of transepidermal water loss (TEWL) management on peri-implant tissue behavior
The influence of TEWL management and mechanical microenvironmental stability on positive wound closure outcomes is well-established. However, the utility of similar approaches for the percutaneous device skin-implant interface is not well-defined. Although the pO 2 and redox signaling products of the skin-implant interfaces of this study were not measured explicitly, the global effects of TEWL management on the skin-implant interface of percutaneous devices in this pig dorsum model showed potentially deleterious gross tissue responses (i.e. inflammation and peri-implant hyperplasticity) for percutaneous implant survival, disproving the hypothesis. Gallant-Behm et al. [44] found that the inclusion of occlusive dressings for TEWL management effected proand anti-fibrotic epidermal signaling through a change in keratinocyte proliferation and migration in an in vivo, rabbit hypertrophic scar (HS) model. The cumulative effect of the concomitant responses was a reduction in dermal fibrosis and HS formation. In the study presented here, alteration of the air-liquid boundary led to a similar amplification of keratinocyte proliferation and migration; as evidenced by epidermal hyperplasia and quantitatively by the increased length of the migrating wound margin (i.e. migration rate of the skin-implant interface) when compared to untreated implants. Both results were indicative of continuous wound healing. Furthermore, when combined with sub-epithelial tissue attachment data, the resultant trend would suggest gross cutaneous regression. The investigators believe coordinated epithelial and sub-epithelial fixation may be critical for long-term percutaneous device survival in patients.
Understanding the perceived roles of the epithelium and the cells of the epithelium in proximal skin migration around percutaneous implants is of critical importance for the promotion of in situ percutaneous device longevity. The effect of Vaseline Ò based TEWL management on the epithelium, and specifically keratinocytes, caused qualitative shifts in keratinocyte phenotype (K6?), wound-site hypergranulation and fibroplasia (procoll-1?), hypervascularization (Coll-4?), and wound bed/interface cellular population densities (DAPI density). These accelerated wound healing effects would be expected following TEWL management. The evidence of accelerated wound healing processes supports the role of continuous, proximal skin migration (an attempt to reestablish a homeostatic/uninterrupted epithelium) as the chief mediator of percutaneous device failure. Many of these proteins, specifically K6, have been characterized in epidermal-driven normal and/or pathologic wound healing situations [28, [50] [51] [52] . These TEWLmediated, histomorphometric responses would suggest a predominant effector role for keratinocyte and fibroblast/ fibroblast-like cell derived wound healing modalities [27, 36, 51, [53] [54] [55] . Consequently, identifying cell types and populations with evolved mechanotransductive and mechanoactive structures may be essential for further characterization of the peri-implant interface wound healing micro-environment.
Identification of fibrocytes in peri-implant softtissues
Fibroblasts and myofibroblasts are the most common cell types associated with normal and/or pathological wound healing scenarios, but recent literature would suggest fibrocytes may also play a role in fibrotic pathologies [56] [57] [58] [59] .
Fibrocytes are described as a circulating peripheral bloodderived progenitor cell population that exhibit characteristics of both fibroblasts and macrophages via the expression of extracellular matrix proteins and pro-inflammatory and proangiogenic cytokines [57] . Despite accounting for *0.5 % of circulating non-erythrocytes, fibrocytes have been suggested to influence the behavior of homeostatic, proinflammatory, pro-fibrotic, pathophysiological processes via the expression of numerous cytokines and chemokines [59] . To date no group has identified fibrocytes in peri-implant tissues at the skin-implant interface of percutaneous devices, but as shown here, fibrocytes may play a role in wound healing around percutaneous devices ( Fig. [5] ). The investigators do not believe that TEWL management alone fostered the appearance of fibrocytes, but further studies may better elucidate the activities of fibrocyte cell populations in peri-implant tissues.
Conclusion
Despite the preliminary nature of the findings discussed here, the effect of TEWL or ''air-liquid interface'' management in the preservation of the skin-implant interface of percutaneous devices has been shown to be insufficient to ensure the desired skin-implant integration outcome. Traditional TEWL management is employed to remedy intransigent/chronic wounds. Data from this study would suggest that any protocol intended to manage or control the TEWL around a percutaneous exitsite may, in fact, amplify one of the failure modalities (i.e. epidermal regression) traditionally associated with percutaneous device failure by accelerating wound margin migration. The comparative similarities between the cutaneous response of a previously conducted skeletal, load bearing sheep POP model and the pig dorsum model discussed here demonstrates the utility and economics of the pig dorsum model for the investigation of skin-implant interface behavior. Although promising from a translational science perspective, the metabolic, cardiovascular, and neurologic comorbidities, as well as the inherent surgical challenges of traumatic and nontraumatic limb salvage, must be considered before extrapolating the results of a pig-dorsum model to human amputees. That said, however, the model's ability to serve as a highthroughput (i.e. multiple implantation sites) assessment tool for examining load-bearing POP system design features may in the future prove invaluable to the clinical advancement and implementation of POP technology for patients with limb loss.
